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We have invented the Peripheral Coupling (PC) configuration of the traveling wave 
electro-absorption modulation. The invention is applicable to any EA modulator, 
including multiple quantum well and Frantz-Keldysh modulators. It is applicable to 
' modulators coupled to fibers or other components such as lasers. It is applicable to analo, 
- . as well as digital applications. For creating a strong EA modulation over a distance of a 
. few millimeters, this invention recognizes that only a minute amoimt of optical coupling 
between the EA material and the optical waveguide mode is desirable and necessary. It 
has three major benefits. (1) With weak coupling of the EA material to the optical 



v^vegmde, Ae microwave waveguide can now be designed independent of the ootical 
Hvegmde Conversely the optical waveguide can be dSgned ind^dent SeA 
»enal and microwave structure. The net result is that thfoptical ^SuWe vSll teve 
ex^emely low insertion loss to the input and output fibers or to theSoS^e The 
opycal waveguide IS easy to aUgn with optical fibers or laser. Ilie nS^^^^^Lide 
will have reasonably high impedance, be easily driven by RF circuit^ oT^teh^to^^ 

> Sr^Tffil'^*^^^^^^ velocit^. wlStteltS 

enecti ve tA etfwt with very low dnve voltage using a very thin EA laver In other 

words, our peripheral coupling configuration allows^us to ^.timizethe oS vSv^^ 
a^ Ae thin microwave waveguide separately with little interferencS Sh^IS^ 
On the other hand, tiie Peripheral Coupling is a controUed and speciS d^^^ b2^ 
loose couplmg configuration between the miciowave waveguide thatwnto Ae EA 
matenal and the optical waveguide. IHere are various ways in whkh S^he^^^ 
- fn^^ZlTr^ ""l' f ""^^ configurations ^11 be desired fo ?S 

Sficl^nSi^"^^^^^ ^ P^P^^^^ ^^^'^^'^ PC modui™ have 

a specitic length of synchronized interaction, usually millimeter<! lono f«»t«««« a- 

wave design It utUizes the EA mteraction more effectively than conventional EA 
modulators that are typically only a few hundred micromeS^rm^neS^ in 
d^ Penpheral Coupled design that only a small amount of opticd powerin th^S 

tAnmtenal with the optical mode is that the optical saturation power of the modulator 
Sr^t for ' '^^y other EA modulators. Large optical s^uration po^^r 
important for obtaimng large signal to noise ratios in optical fiber networks. 

Ztrl^I'-? ^ I*^",'" ^""^ ^"^^ J» conventional EA modulators the 

EA matenal ,s an integral part of the optical waveguide (consequently die desim of the 

optical and microwave design considerations. For example, a tiiin EA materi J wdU 

IJfll 5 ' '^T'^ r '/^'^"'^ ^» the de^cetapScTcLdng 

the device harder to be driven by microwave sources). An optimum optiS d^^sSfoT 
coupling the waveguide efficiently to optical fibers (such as a l^oi^^SlllXd 
^I^o increase either die microwave capacitance or Uie^^qiredtodSS^^ 
dnve voltage. Consequentiy. after considering various trade-offs, existing optimSd EA 
modulators are typically 200 lun long, or shorter, and die EA lay^r is a fet X^^d 

Zr y^^y^md^. At such a shoSmctirJenX tiiey 

4e drivll?' ^" advantage of traveling wave mteractions. At such EA Cr 
CdiS^^l cnn^f' IS substantial. What is unique intiiis invention is the Peripreraf ^ 
w^^uL J i ^1 w "^^^ microwave waveguide from die Sptical 
waveguide. Fig. 1 illustrates an example of such a configuration. 
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Figure 1 

^ t^'St tdS H^ir''?'^^' '^Ti''' high-index core layer sandwiched 

»^een a loww-index cladding layer and the substrate to provide vertical confmemenL 
. Ihe lateral confinement of the optical mode is provided by the etcheSe 

reAice optical propagation loss, semiconductor layers for the optic/waveauide are 
^c^^t "^""'-^^^^^^ The microwave transmission line coS^FaTop W 

a! ^Snl ^ electrodes and the EA material are showTi. Doping of a thin layer of 

for ftfl^SorrnT'^r^'^u^^?^' "^g^ P^^^i^^ conduftivity^c^ 

for the bottom conduction of the microstrip-like line (with a doping profile to avoid^ 

Seirr" ^"'^ ^.'i' ^ '"^^'^ conductivii). -me SvTe ^^^n fine 
and the opticd waveguides are only PeripheraUy Coupled. Since the EA ^unSr 

Sv^^^- nucro-stnp line and the center metal elective can be very 

^^Tp. ^ characteristic impedance and matching phas7 

nrin^l^rt ^ ^^i^"? f^^P^J^^' ^^^^ absorption per^t 

b S • ""^"^^ ^ °P*i^^ waveguide, became the Ek^terial 

nmn^ evanescent tail of the optical mode. Consequently, millimeter lenX5 
S W w *^ ^^^^ siffdnc^t modulation depth. Using t^f^ 

SS? wave desm large modulation bandwidth can be obtained mth very lZ 
S?vSoLtA?f • ^"^^ t Perfomiance is much superior than the perform^ce of a 
conyenbonal EA lumped element or traveling wave modulator. 
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desirableness of a long interaction length can be viewed also from a different 
^eryective. Any traveling wavemodulator will have its best performance at very low 

.. - / ^''^^"^^^fO'iDCperforinMceto 

. J^Ponse. Therefore, the performance ofany traveling wave modulator, except 

■ response, can be evaluated first at low frequencies, or DC. At low frequency or ^ 
. .microwave capacitance, im^ 

. . . . . W^ftout these issues, the thinner the EA layer and the lo^^^ 

modulation voltage is reqmred to provide the desired modulation depth. 

. The desired length oftheelecttode(i.e. the length of the modulator 
, . P«>Pa8ation loss at the bias voltage. The less the ^^^^ 
. .. .. longer the electrode and the more effective the modulSon. In other words, ir^^to 

jj. have a low pn)pagation loss at the bias voltage. TWscem 

g: ' . I'J^^^^^P^^'^gth^EA material from the optical waveguide. The 

. . W. , : deludes. madditioi^tiie advantages ofbotiitiie independent desi^ 

, . , and microwave waveguides and the acceptance of large optical intensity (i.e. large 

& g : •y"^^^°°°Pt'«;al power). Since the optical mode has evanescem field i^rf^ 

.S!;.. ^^'^^^'^li^'^f^ evanescent coupling can be accomplished with tiie microwave 

W •• ' '■ oSvfi ^ positions, e. g. at tiie side instead of the center of tiie 

• 5^' t^r« ? have advantages in some considerations, such as less propagation loss of 
.: : . tiie. optical mode produced by metal absorption of tiie optical wave, tiierebyallowing 
longer elecUtjdes, Eventually, tiie lengtfi of tiie electrode wiU be limited by practical 
'S ^SL Ti""^ ^ the processing yield of long devices, tiie desired footprint of flie 
S , , .packaged devices m acuial appUcations, etc. Because of tiiese practical reasons, we are 
. ■ ^ . demonstiating the invention with millimeter long devices. reasons, we are 

myention will yield modulators tiiat have extremely low drive voltages, large optical 

. : •: .saturationpowerandveryhighfiequencyresponseandtiiatcanbe^ily<Wvenby 
: .: > .• .. microwave sources. •'^ wjr 



The existing EA lumped element modulators for analog applications have typically 
insertion loss at zero bias ,V„= >1.5 V,bandwidtii= 40 GHz .electrode 
length 50 urn to 250 urn, optical saturation power -50 mW. 

From simulation, tiie expected perfonnance of Peripherally Coupled traveling wave EA 
multiple quantum well modulators for analog applications are: V„ « 0.27 V at di = 03 
Mm. , bandwidth > 40 GHz. L = 3 nun, optical saturation power > 50 mW 
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experimental material sample wiA intrinsic multiple quantum well EA layer on top of 
^GaAsP optical \vaveguide layers has been grown at Multiplex, Inc. In this sample, = 
0. 1 lixa. The sample has been febricated into an optical waveguide with a peripherallv 
coupled raiciowaye waveguide as Ulustrated in Fig. 1 The optical waveguide 1ms been 
evalmted. The microv^ve waveguide is in the process of being designed and febricated. 
The.EA properties of the material and the device are in the process of being evaluated 
Assuming ttiat flus sample will have similar EA properties as the samples that had be^n 
grown m UCSD and flat the miraowave waveguide will have proper velocity match at 
low nucrowaye propagation loss, we estimated the V„ to be 1 .44 V at L = 1 mm. More 
. samples and devices wiU be grown, designed and fabricated, to improve the performance. 



Let z be the direction of propagation of the optical waveguide and the microwave 
wayeguide. U is the incident optical power at the mput (z=0), I (z=L) is the transmitted 
optic^ power in the optical waveguide at the output end (z = L). The microwave field in 
Sfof^*^^?? ^""^^ microwave voltage at z, Vrp(z). divided by di.eff. For a 
SnS i^JSf ttansmisaon line shown in Fig. 1. d,^is approximately the 

thickness of the mtrmsic EA layer. The transmission function of any traveling-wave 
electro-absorption modulator (TWEAM) in response to a cw microwave voltage 
VRircosoat at 2=0 is: 

where 

r = optical confinement factor of EA material 

, 1?^ = insertion efficiency = C«C^ -{l-Rf -e"^ (1) 
Aa^L = integrated EA over L = jAa(AF(z))& 

Q 

M'.iz) = electric field seen by optical wavefront =J^cos{ax^Sz) 
5^ phase mismatch of microwave & optical wave = (n -„ Xo/c 

Itjs an EA modulator because a modulation voltage AF wUl create a AOefr that wiU 
change T. The opthnization of tiie Aa (as tfiat measured from tiie biasing voltage) by Ihe 
AE is primarily a materials issue. It has been the concem of the research of EA 
modulators for some time. In aAKtion. modulation of T is afifected by L. F, iiu«, Obias, S, 



When the microwave transmission line (i.e. the microwave waveguide) is perfectly 

«|p.edance matched at the input and the output ends and when there is no microwave 
opagation loss, Vrf is just a constant (half of the microwave source voltage). When 
there are nusmatches at the input and output end or attenuation, Vrf is a function of z that 
consists of attenuated forward and backward propagating waves. Vrf (z) has been worked 
out in many cases. We will also discuss the effect of microwave attenuation as it reduces 
. the:magnitade of Vrf as z increases from 0, without describing Vrf(z) mathematically. 
The insertion efiBclency consists of the coupling efficiency to tiie laser or tiie fiber at tiie 
input and the ou4>ut (CfaCoui)* the Freaiel reflections at the input and the output ((1-R)^) 
• and the optical wave residual propagation loss ( c""*^ , excluding tiie absorption due to the 
EA effect), e-''"^^ represents tiie reduction of tiie transmission T due to the EA effect of 
th$ bias voltage- At zero bias voltage, e'^"^'- =1. 

; Equation (1) describes a modulation voltage that has a time variation of coscot. In that 

' .c?se, matching of nmicro^a^e and nopticai (i.e. matching of the microwave and optical phase 
velocities or 8 » 0) wUl yield the largest Aotefr for a given VRp/durr. For pulse modulation, 

; Eqn. (1) will be modified. In tiiat case, the matohing of the optical and microwave group 
velocities will achieve the most effective modulation. Clearly, the most effective Aoeir&r 
a given drive voltage is obtained when tiiere is tiie smallest di^gv least microwave 
attenuation, best matching of phase and/or group nucrowave and optical velocities and 

. bestimpedance matching of the microwave transmission line to the microwave driver. 

In«ll existing EA modulators, the design conademtions of microwave transmission lines 
md optical wavegmdes are interwoven. The resultant perfonnance is compromised by the 
::frade offs. For example. When a reasonably large T is used, a large ccbias or Oo would limit 
L to 200 urn or less. The power of Peripheral Coupling is to recognize the design 
freedoms that can be obtained by usuig configurations with exceptionally small F, 
leading to much more efficient modulators. 



; In digital applications, the bias voltage for the on-state is normally zero. Thus, Ion = loT = 
logins at tiie on-state. We like to maximize Ci„Cout, minimize R and mi^miyg Oo. The 
maximum L tiiat can be used will depend on tiie insertion loss allowed, QnCoub R and the 
residual propagation loss Oo. At the off-state, the output power is lofr, 

1^1 Ion ^extinction ratio = e'^'^^^^^ (2) 
. Hierefore, the most effective modulator would have tiie smallest Vrf that must be used to 
. ' achieve a given reqtured extinction ratio. In order to accomplish tiiis objective, (1) we 
. look for tiie most sensitive Aa(AF) and tiie largest FL in flie optical design, plus tiie 
smallest d,,efr in tiie electrical design. (2) In order to obtain large Actcjr for a given duir 
and a given Aa(AF), we need the best group velocity matching, the least microwave 
.attenuation and the best matching to the driver circuit, in tiie nucrowave design. In 
. Peripheral Coupled design, we recognize tiiat much better overall performance can be 
' obtained by using small T and large L (L will be limited by oto). The T is kept as large as 
possible as long as the coupling configuration is sufficiently weak to achieve the 



6 



microwave objectives (very small d|,cm lovr attenuation, plus velocity and impedance 

fatching) without affecting seriously the optical design that ^ves large tiins and large L. 
is interesting to note that, in the Peripheral Coupled design, we could move the metal 
. electrodes to tiie side of optical waveguide to reduce Oq. The final result of Peripheral 
. . Coupled design is a large TL as well as a large Aocff , using small drive voltage. 

Aqcording to EqiL (2), the larger the lo, fixe larger flie ma^dmum allowed L for a given 
' .required Ion- 

. . (1) When the Frants Keldysh effect is used for EA, e^^^^'' will be less sensitive to 

optical wavelength change. A Frants-Keldysh PC TWEAM may be designed to achieve a 
. minimum extinction ratio for a group of wavelengths in Wavelength Division 

^; . ' 

waveguide be placed on one side of the optical wavegiude, other optical stmctures such 
as. a periodic stnicture may also be added to the optical waveguide from the 
• . ■ achieve the desired chiiping effects. 

/\'^\ X< 

1^ ' & in analog application, the modulation voltage is a small signal to the bias voltage. The 
S criteria used to measure the link performance (with matched impedance at the input and 
. \ the output) is the RF gain under a given bias condition. 



9 



(3) 



1^ . . where T|dct is the detector efficiency, V is the input RF modulation voltage, and Rui and 
0. . : Rditt are the source and load resistance at the detector. Under a given bias condition. 



'ims ^ ^ 



%=-J±.„ ,^-na^,"^»^i (4) 



Here the modulation field in the EA material is F^, F„ = • Vm is produced by the 

RF drive voltage V. Dependent on the oto and abias, there is a value of optimum L that 
maximizes ffY/dVm- In addition, a and dAocf^dFm also vary as the bias voltage is varied. 
Clearly the best RF gain is obtained with the highest -nhs, the largest lo, and flie largest 
ffT/dV. 5T/0V is maximized by the optimvmi IX and the smallest di.efr. The Peripheral 
Coupling allows us to use small r and large L to obtain fte optimum IX. The best 
. microvs^ve design should yield the smallest d|.eif and the largest dAoa^dFm- Since 
ST/dVn, contains e'"'' , the optical waveguide design should have ol^ « ObiasFL. "When 
ctot « abiasrL. the maximum ST/aVm occurs approximately at e""''^"- = 0.5. At this 
optimum PL the maximum aT/5Vm depends only on di.eff, owas and aAOen/aFm. 
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Since the PC design allows high r\\ns and large ax/aV, Grf > 1 may be obtmned at large 
1^: In that case, vdde bandwidth RiF amplification msy be achieved that cannot be 
obt£daed electronically. Such a RF amplifier could eventually be integrated on the same 
chip. Just like the TWEAM for digital applications, Frantz-Keldysh modulators may be 
usejd for various adjacent ^^-avelengths with the RF gain controlled by adjustment of bias 
; voltage. 
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